Background-Heart transplant is a treatment option for selected patients with hypertrophic cardiomyopathy (HCM).
H ypertrophic cardiomyopathy (HCM) is the most common genetic cardiovascular disease and is characterized by a diverse phenotypic expression and heterogeneous clinical course, including being a major cause of heart failure symptoms and death in patients of all ages. [1] [2] [3] [4] [5] [6] Previous reports of cardiac transplantation in patients with HCM have largely been confined to small series or single-center experiences. 7, 8 Consequently, the clinical profile and prognosis of HCM patients who undergo cardiac transplantation remain uncertain. Therefore, we sought to characterize the clinical characteristics and prognosis of HCM patients who underwent cardiac transplantation in the United States in a recent, 15-year period.
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Methods
Selection and Identification of Patients
All transplant centers in the United States are required to report clinical and demographic data for pre-and posttransplant patients to the Organ Procurement and Transplantation Network registry, which is operated by the United Network of Organ Sharing (UNOS). 9 We limited our analysis to patients in the UNOS Thoracic Registry who were Ն18 years of age and who underwent cardiac transplantation between January 1990 and December 2004. The analysis was limited to first-time, single-organ, heart-only transplant recipients. Patients with multiorgan transplants, pediatric transplants, and repeated cardiac transplants were excluded from the study.
Baseline clinical characteristics of the study population were obtained from the Heart Transplant Candidate Registration Form (uniform collection of data, which is contained in the comprehensive Organ Procurement and Transplantation Network registry database). The cohort was then divided into HCM and non-HCM groups according to the pretransplant diagnostic code listed in the Heart Transplant Recipient Registration Form. The non-HCM group comprised 3 subgroups of patients: (1) ischemic cardiomyopathy (ie, predominant etiology of heart failure due to coronary artery disease); (2) dilated cardiomyopathy (ie, adriamycin, familial, myocarditis, postpartum, viral, and idiopathic); and (3) restrictive cardiomyopathy (ie, amyloidosis, endocardial fibrosis, idiopathic, and sarcoidosis). Cases were excluded when they could not classified into these groups owing to missing data (nϭ2048).
Statistical Analyses
Patient demographic and clinical characteristics of the whole cohort were first compared by status of HCM, ischemic, dilated, or restrictive sympathy. For continuous variables, the mean and SD were calculated, and for categorical variables, proportions or percentages were calculated. For unadjusted comparison between groups, the Kruskal-Wallis rank test was used for continuous variables, and the 2 test was used for categorical variables. A multivariable logistic-regression model was used to quantify the association of HCM versus non HCM status with patient demographic and clinical characteristics at transplant and to estimate the propensity scores for HCM status for each subject included in the analysis. A backward stepwise elimination method was used to identify the final multiple variable logistic-regression model by considering a set of patient attributes that were thought to be predictive of HCM. Potential nonlinear associations with several predictor variables were evaluated by lowess curves as well as fractional polynomial regression models while adjusting for other covariables in the models. For nonlinear associations, we transformed the data either by using a logarithmic function (ie, months waited for transplant) or by categorization. The final identified model fit the data well, with an area under the receiver operating characteristic curve of 0.806, and PϾ0.67 for the HosmerLemeshow goodness-of-fit test. To select the matching controls, we used radius matching within a caliper distance of 0.001 in propensity (probability) scores in the common support region. Subjects with nonoverlapping (nϭ1010) or nonmatching (nϭ5712) propensity scores were excluded from further analysis involving propensity scores. After propensity matching, there were no statistically significant differences among the covariates between HCM and non-HCM patients.
For mortality analysis, follow-up time was censored at 12 years (144 months) after transplant. Most recent follow-up was determined as the last clinic visit entered into the database and was defined as time from transplantation to death or last clinic visit. For descriptive purposes, crude cumulative mortality rates were estimated and plotted with the Kaplan-Meier method and compared between groups based by the log-rank test. Using Cox proportional-hazards regression models, we COPD indicates chronic obstructive pulmonary disease; BMI, body mass index; IABP, intra-aortic balloon pump; LVAD, left ventricular-assist device; PAP, pulmonary artery pressure; and PCWP, pulmonary capillary wedge pressure.
*Excluding unknowns.
estimated associations of HCM with mortality for several scenarios, including (1) without any adjustment and consideration of time-varying effect of HCM, (2) considering time-varying effect only, (3) adjusting for propensity score only, (4) adjusting for both time-varying effect and propensity score for HCM, and (5) adjusting for time-varying effect and a set of covariates and propensity score for HCM. In these analyses, propensity score was adjusted by the inverse probability weighting method. A number of previously established pre-and posttransplant risk factors were adjusted in the Cox regression models. Pretransplant variables included recipient sex, recipient age, body mass index, principal diagnosis, years of heart failure treatment, duration on the transplant waiting list, UNOS status, serum creatinine, serum bilirubin, peak panel reactive antibody, amiodarone use, and need for life support, including pretransplant balloon pump, ventilator, and/or mechanical ventricular-assist device. Transplantation variables were donor age, a Cytomegalovirus status of donor-positive to recipientnegative, female donor to male recipient, and ischemic time. For risk factors (ie, amiodarone use, donor/recipient sex match, pretransplant ventilator and ventricular-assist device, serum creatinine, serum bilirubin, and peak panel reactive antibody) exhibiting a nonproportional hazard over time, the hazard was modeled as a logarithmic function of time. A backward stepwise elimination procedure was used to identify the final multivariable models, starting with a set of potential covariates known to be associated with posttransplant mortality from our previous analysis. Variables were included when their significance level was Ͻ0.05. On the basis of the final multivariable Cox regression models, we estimated and plotted the mortality rates by HCM status by median risk score methods.
Results
Occurrence
During the 15-year study period, 26 706 patients underwent cardiac transplantation, including 303 (1%) HCM patients and 26 403 (99%) non-HCM patients (ischemic cardiomyopathy nϭ14 308, 54%; dilated cardiomyopathynϭ11 760, 44%, and restrictive cardiomyopathy nϭ335, 1%). For the 26 706 patients included in the analysis, meanϮSD follow-up time for the study was 76Ϯ44 months.
Clinical and Demographic Profile of the Study Group
The clinical and demographic characteristics of the overall study population are shown in Table 1 
Clinical and Demographic Factors Associated With HCM
A number of patient characteristics were associated with HCM (Table 2 ). There was a higher likelihood of being diagnosed with HCM if the patient was female, had a history of cigarette smoking, had a longer wait time for transplant, was transplanted in later years (1995 to 2004 vs 1990 to 1994), and had a higher mean pulmonary artery pressure (Ͻ30 vs Ն30 mm Hg). There was also a significant sexϫage interaction (PϽ0.001), with men having a stronger association of HCM with age (odds ratioϭ0.94; 95% CI, 0.93 to 0.95) than women (odds ratioϭ0.97; 95% CI, 0.96 to 0.98).
Survival After Cardiac Transplantation
During the follow-up period, 84 (28%) HCM patients died. The mean age at death was 55Ϯ12 years (range, 18 to 84 years), occurring 3.4Ϯ3.4 years (range, 0 to 12 years) after transplant. The cause of death for the HCM patients was noncardiovascular (nϭ70, 83%) and cardiovascular (nϭ14, 17%). HCM patients were more likely to die from noncardiovascular causes compared with non-HCM patients (17% vs 10%, Pϭ0.04).
The crude 1-, 5-, and 10-year overall transplant survival for HCM patients was 85%, 75%, and 61%, respectively, with a trend toward greater survival compared with non-HCM transplant patients (82%, 70%, and 49%, respectively; log-rank test, Pϭ0.05). However, crude 1-, 5-, and 10-year survival was greater among HCM patients compared with that of patients transplanted for ischemic cardiomyopathy (82%, 69%, and 48%, respectively; log rank Pϭ0.02) but was not different compared with that of patients transplanted for dilated (87%, 71%, and 52%, respectively; log rank Pϭ0.08) or restrictive cardiomyopathy (84%, 70%, and 67%, respectively; log rank Pϭ0.25) (Figure 1) .
The overall crude hazard ratios (95% CIs) of HCM versus non-HCM for all-cause mortality were 0.79 (0.64, 0.99) and 0.83 (0.67, 1.04) before and after adjusting for propensity score, respectively. However, the difference in posttransplant survival in HCM versus non-HCM patients appeared time dependent, based on both the crude and the propensity analysis, with HCM patients having slightly higher mortalities initially after transplant but lower long-term mortality. Therefore, we assessed time-varying effects on all-cause mortality rates after transplant while adjusting propensity scores and a set of covariates. The estimated time-varying hazard ratios of HCM at selected time points are summarized in Table 3 . When we divided the posttransplant period into 3 time segments (Յ3, 4 -12, and Ͼ12 months), the hazard ratios for HCM versus non-HCM were 1.27 (0.90, 1.79), 1.06 (0.59, 1.86), and 0.65 (0.46, 0.92), respectively, which decreased over time (trend, Pϭ0.006). Except for the initial several months after transplantation, risk for all-cause mortality among HCM patients was progressively lower than for non-HCM patients, after adjusting for both propensity score and a set of covariables (PϽ0.01; Figure 2 ).
Discussion
HCM is the most common genetic heart disease and a major cause of heart failure symptoms and death at all ages. 2-6,10 -12 For HCM patients who develop end-stage heart failure symptoms despite medical and/or invasive septal reduction therapy, heart transplantation may be the only viable therapeutic option. 2, 7, 8, 10, 12, 13 The previous literature with regard to heart transplantation in HCM has been limited to small series of patients or single-center experiences. 7, 8 Therefore, our aim was to characterize the prevalence, clinical characteristics, and prognosis among a large cohort of HCM patients who underwent cardiac transplantation in the United States during a recent 15-year period.
These data demonstrate that within this large US heart transplant cohort, the prevalence of transplantation due to HCM was Ϸ1% per year. This frequency is similar to that of patients transplanted for restrictive cardiomyopathy but is significantly less than that for patients transplanted for ischemic or dilated cardiomyopathy.
However, this reported prevalence of cardiac transplantation in HCM likely represents an underestimation of the actual number of patients with this disease transplanted each year in the United States. In this regard, it is likely that some HCM patients who have already achieved substantial left ventricular remodeling (including left ventricular wall thinning, cavity enlargement, and systolic dysfunction) at the time of their initial cardiovascular evaluation may have been inadvertently identified with a pretransplant diagnosis of dilated cardiomyopathy. 2, 3, 10, 12, 13 Unfortunately, detailed clinical (ie, family history of HCM) or previous echocardiographic information that might have provided additional insight with regard to this issue is not part of the data in the Heart Transplant Candidate Registration Forms.
After cardiac transplantation, HCM patients experienced a 10-year survival rate of Ͼ60%. In this regard, long-term survival after cardiac transplantation showed a trend toward greater survival for HCM patients compared with patients transplanted for non-HCM-related cardiovascular diseases. Indeed, after adjusting for time-varying effects on all-cause mortality rates after transplant, HCM patients demonstrated higher mortality only after the initial first several months after transplantation but overall lower long-term mortality. When survival after cardiac transplant was compared for each of the patient subgroups in the non-HCM group, HCM patients demonstrated better survival than did patients transplanted for ischemic cardiomyopathy, but survival was not different from that of patients transplanted for restrictive or dilated cardiomyopathies.
Because HCM patients who undergo cardiac transplantation are significantly younger compared with those transplanted for non-HCM cardiovascular diseases, these survival data have implications for patient management. In this regard, HCM patients who develop advanced heart failure symptoms despite medical and/or invasive treatment strategies should be reassured that cardiac transplantation represents a practical therapeutic Figure 2 . Propensity score and covariate-adjusted all-cause mortality after cardiac transplantation for HCM and non-HCM patients. *The time-varying hazard for HCM was parametrically modeled as a logarithmic function of time since transplant. †Propensity score was adjusted by using inverse probability weights. ‡Covariates include recipient sex, recipient age, sexϫage interaction, body mass index, principal diagnosis, years of heart failure treatment, duration on the transplant waiting list, UNOS status, serum creatinine, serum bilirubin, peak panel reactive antibody, amiodarone use, and need for life support, including pretransplant balloon pump, ventilator, and/or mechanical ventricular-assist device. Transplantation variables were donor age, a Cytomegalovirus status of donor-positive to recipient-negative, female donor to male recipient, and ischemic time.
§Adjusted for all of the covariates listed in the preceding paragraph and the potential time-varying effects of sex, serum creatinine, serum bilirubin, peak panel reactive antibody, amiodarone use, need for life support, female donor to male recipient, and ischemic time.
#P value for testing trend of time-varying effect of HCM.
option associated with survival rates equivalent to (and maybe even better) than those in patients transplanted with other forms of heart disease. Finally, although somewhat speculative, the observation that HCM patients were significantly more likely to die from noncardiovascular causes suggests that it is unlikely that a phenotype of HCM recurs in the HCM transplant recipient. A limitation to the this study was that detailed clinical (ie, family history of HCM) or previous echocardiographic information was not part of the data in the Heart Transplant Candidate Registration Forms, nor are uniform guidelines provided with regard to diagnostic criteria for cardiomyopathies. As a result, these limitations of the UNOS database may have resulted in some HCM patients being improperly categorized. Also, owing to the limited posttransplant echocardiographic information, it was not feasible to determine with certainty whether HCM can recur in the transplanted heart. In addition, owing to the small number of HCM patients transplanted, it was not possible to identify clinical or demographic predictors responsible for the trend toward enhanced survival among HCM patients compared with non-HCM transplant patients. Finally, in this analysis, a number of covariates obtained from the UNOS database had missing values. As a result, we elected to code missing values as a distinct category and included them in the regression analysis. The results are robust with regard to whether subjects were excluded from analysis because of missing covariates. It would be optimal to use multiple imputation method to impute the missing values for those covariates. However, this type of analysis would require more information about the associations of these covariates with other potential predictors and significant modeling efforts, which was beyond the scope of the current analysis.
In conclusion, the prevalence of cardiac transplantation in the United States due to HCM is low (1% per year) but similar to that of patients transplanted for restrictive cardiomyopathy. For HCM patients, long-term survival after cardiac transplantation showed a trend toward greater survival over time than in patients transplanted for non-HCM cardiovascular diseases and may be greater than in patients transplanted for ischemic cardiomyopathy. These data suggest that patients with HCM who are candidates for cardiac transplantation should be reassured of reasonable long-term survival rates.
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